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Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) is a kind of polyhydroxyalkanoate  
(PHA) accumulated in bacterial cell as a carbon and energy sources and is expected as an 
alternative to petroleum plastics since it is synthesized from renewable resources such as plant 
oils. The aim of this study is development of industrially applicable production technology of 
PHBH with more than 10 mol% of (R)-3-hydroxyhexanoate (3HH) monomer fraction from 
palm kernel oil as a sole carbon source. Despite that I decided to breed Cupriavidus necator 
H16 for this purpose, there was not a stable host-vector system for C. necator so far.  
  To overcome this problem, a new stable plasmid vector (pCUP3) was developed for high 
and stable production of PHBH using C. necator H16 as the host strain. In pCUP3, it was 
found that the plasmid partition and replication region of the megaplasmid pMOL28 in the 
Cupriavidus metallidurans CH34 strain plays an important role in plasmid stability. Moreover, 
the partition locus (comprising parA28 and parB28 and the parS28 region) is essential for 
plasmid maintenance under high PHBH accumulation. PHBH productivity by the C. necator 
H16/ds strain (phaC1 deactivated mutant strain) harboring a phaCAcNSDG within pCUP3 was 
identical to the productivity of poly(R-3-hydroxybutyrate) by the C. necator H16 strain when 
palm kernel oil was used as the sole carbon source without any antibiotics. This new vector is 
important for industrial mass production by dispensing the necessity of the application of 
selective pressure such as antibiotics and used for introduction of several genes into 
recombinant C. necator strains in following research. 
  Next, a 3HH composition regulating technology for PHBH production was developed 
with butyrate as a co-substrate. A new (R)-3-hydroxyhexanoyl-CoA ((R)-3HH-CoA) 
synthesis pathway was designed and enhanced by replacing the PHA synthase gene (phaC1) 
of C. necator by the phaCAcNSDG (encoding the N149S and D171G mutant of PHA synthase 
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from Aeromonas caviae) and deactivation of the phaA gene (encoding β-ketothiolase) from 
the C. necator H16 chromosome. The effect of butyrate as co-substrate was assessed in high 
cell density fed-batch cultures of several C. necator mutants and the 3HH fraction was 
successfully increased by adding butyrate to the culture. Confirming our expectations, BktB 
(the second β-ketothiolase with broad substrate specificity) enhanced the (R)-3HH-CoA 
synthesis pathway in the phaA deactivated mutant of C. necator by condensing acetyl-CoA 
and butyryl-CoA into 3-ketohexanoyl-CoA. Consequently, PHBH containing 4.2–13.0 mol% 
3HH were produced from butyrate and palm kernel oil by the genetically modified C. necator 
H16 strains.  
 However, further studies to reduce the requirement of the additional butyrate, are warranted 
in the point of view of production const. 
 Therefore, recombinant C. necator capable of producing PHBH with more than 10 mol% 
of 3HH monomer fraction from palm kernel oil as a sole carbon source was engineered by 
introduction of genes for crotonyl-CoA reductase (CCR) of Streptomyces cinnamonensis 
(ccrSc) and PHA synthase of A. caviae (phaCAcNSDG). In this recombinant strain, 3HH-CoA 
intermediates were provided by β-ketothiolase mediated condensation of butyryl-CoA and 
acetyl-CoA. This butyryl-CoA was synthesized from crotonyl-CoA by CCR. Moreover, 
overexpression of PhaCAcNSDG increased 3HH monomer fraction of PHBH, effectively. 
Higher PHA synthase activity obtained by the additional PHA synthase increased 3HH 
monomer fraction of PHBH. The recombinant strain which expressing CCR could 
synthesized the high amount of PHBH (131.7±1.3 gPHBH/L) with 9.9±0.1 mol% of 3HH 
fraction. On the other hand, the recombinant strain which expressing CCR with higher PHA 
synthase activity than the original strain (by an additional copy of phaCAcNSDG) accumulated 























1-1 The aim of this study 
The aim of this study is development of industrially applicable production technology of 
biodegradable and biomass polyester poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 
(PHBH) (Fig. 1-1) with various (R)-3-hydroxyhexanoate (3HH) monomer fraction from palm 
kernel oil (PKO) as a sole carbon and energy source. Especially, PHBH with more than 10 
mol% of 3HH monomer fraction is the challenge of this study. I successfully developed the 
technology and report in this doctoral thesis. 
 
 




Plastics synthesized from fossil resources has been commercialized since 1900s, and been 
willing to support our lives while increasing its production volume dramatically. About 265 
million tons of plastic had been produced in the world in 2012 (Japan Plastics Industry 
Federation). By population growth worldwide in the future, an increase is expected this 
amount. Some of the plastic products have been recycling now a day, but a large amount of 
plastics is incinerated or disposed of in landfills. Gasses emitted during incineration are 
members that cause the global warming and air pollution. In addition, marine pollution by 














accidental ingestion by wild animals have been reported. From the fact that since the 1980s, 
environmental pollution problems such as these have become a social problem, 
industrialization of Bioplastics such as polylactate (PLA), polyhydroxyalkanoates (PHA) and 
so on are expected. 
  The classification of plastic is summarized in Fig. 1-2. Both Biodegradable plastics and 
plastics made from renewable resources have been classified as a Bioplastics. Biodegradable 
plastics do not accumulate in the environment by degrading in the natural environment after 
use, degradation proceeds until CO2 and H2O by microorganisms can eventually reduce the 
environmental pollution. Biomass plastics, made from renewable resources of plant-derived, 
may or may not be biodegradable and biodegradable plastics may or may not be made from 
renewable resources. For example, poly-butylene-succinate (PBS) and 
poly-butylene-adipate-telephtalate (PBAT) are biodegradable and petroleum-based plastic. On 
the other hand, PHA, PLA and starch are produced from biomass, and are biodegradable. 
Despite the fact that polyethylene and polyamide can be produced from biomass, they are 
non-biodegradable (Tokiwa et al., 2009). Besides, labor costs of fossil oil resources, 







Fig. 1-2. Classification of typical plastic 
*1:Polyethylene made from renewable resources  
*2:Polyamide made from renewable resources  
*3:Polyethylenethelephtalate  
 
    And now, 30 years after 1980s, Bioplastics are used in an increasing number of markets 
from packaging, disposable products, electronics, automotive, composting bags, 
agriculture/horticulture/fishery and toys to textiles and a number of other segments. Growing 
demand for more sustainable solutions is reflected in growing production capacities of 
bioplastics. Production capacities amounted to approximately 1.6 million tons in 2013 (Fig. 
1-3) and are expected to increase more than 6 million tons in 2018 (Source; European 
Bioplasics, Institute for Bioplastics and Biocomposites, novo-Institute). 
Non-biodegradable Biodegradable
Made from Renewable resources























































1-3 Polyhydroxyalkanoates and PHBH 
1-3-1 Polyhydroxyalkanoates  
Polyhydroxyalkanoates (PHAs) are polyester synthesized by a wide range of microorganisms 
as a carbon and energy storage granules (Anderson et al., 1990). Most of PHA have 
interesting material properties such as (i) thermo plastic (ii) insoluble in water (iii) exhibit a 
rather high degree of polymerization ranging from 105 to 107 Da (iv) non-toxic and 
biocompatible, in general, and are produced from renewable resources like sugars 
(Steinbüchel, 2001), glycerol (Meur et al., 2014), plant oils (Sudesh et al., 2011) and carbon 
dioxide (CO2) (Snell and Peoples, 2002). In addition, as they are biodegradable; they are 
hydrolyzed by extracellular PHA depolymerases, they have been expected to play an 
important role in environmental protection and in reduction of CO2 emissions, a cause of 
global warming (Steinbüchel and Füchtenbusch, 1998) as an alternative to petroleum-based 
plastics as a Bioplastic (biodegradable and biomass plastic). 
    General structure of PHA homopolymer is shown in Fig. 1-4. PHA are normally 
classified into 2 groups, scl PHA (short chain length PHA) and mcl PHA (medium chain 
length PHA), scl PHA with its monomers containing 4 - 5 carbon atoms and mcl PHA with its 
monomers containing 6 to 12 carbon atoms (Lee, 1996). Since the first finding of 
poly(R-3-hydroxybutyrate) (PHB), in 1926 by Lemoigne, (Lemoigne, 1926) more than 100 
different monomer have been reported as constituents of PHA (Lu et al., 2009) and 









Fig. 1-4. General structure of PHA homopolymer 
n=1   
R=hydrogen   Poly(3-hydroxypropionate) 
R=methyl     Poly(R-3-hydroxybutyrate) 
R=ethyl       Poly(R-3-hydroxyvalerate) 
R=propyl      Poly(R-3-hydroxyhexanoate) 
R=pentyl      Poly(R-3-hydroxyoctanoate) 
R=nonyl       Poly(R-3-hydroxydodecanoate) 
n=2 
R=hydrogen    Poly(4-hydroxybutyrate) 
n=4 
R=hydrogen    Poly(6-hydroxyhexanoate) 
 
     
     It has been estimated by “European Bioplastics” that production capacities of PHA was 
approximately 34 kilo tons and it will be to increase to about 150 kilo tons in 2017. Therefore, 









Fig. 1-5. Amount of Bioplastics production capacities in 2013.  



















































1-3-2 LCA of PHA 
The extensively published effects of climate change, price increases of fossil materials, and 
the increasing dependence on fossil resources also contribute to bioplastics being viewed 
favorably. 
 From an internal perspective, bioplastics are efficient and technologically mature materials. 
They are able to improve the balance between the environmental benefits and the 
environmental impact of plastics. Life cycle analyses demonstrate that bioplastics can 
significantly reduce CO2 emissions compared to conventional plastics (depending on the 
material and application). What is more, the increasing utilization of biomass in bioplastics 
applications has two clear advantages: renewability and availability. 
    Life cycle assessment (LCA) is a widely used method for assessing the environmental 
performance of products or services (Peters, 2009). The method is performed according to an 
iterative procedure, starting with the definition of a goal and a scope of the study, followed by 
life cycle inventory (LCI) in witch the flows into and out of systems are mapped. A life cycle 
impact assessment is then performed, in witch the data from the inventory are translated into 
impacts for different impact categories (Heimersson et al., 2014). The LCI value of energy 
consumption and CO2 emissions for the bio-based PHA from plant oil has been calculated and 
were much smaller than for petrochemical polymers (Akiyama et al., 2003). Thus, there have 
been many attempts to investigate industrial production of such polymers to ascertain if they 





1-3-3 Material Properties of several PHA 
In nature, PHB (a homopolymer of R-3-hydroxybutyric acid ((R)-3HB)) is the most abundant 
PHA. However, because PHB is highly crystalline, exhibits allow elongation to break factor 
of only 5%, it is hard and brittle, therefore, its range of practical application is limited (Table 
1). Many studies have been undertaken to improve these properties, in order to increase the 
elongation to break factor in particular. 
    Among other PHA,  
PHBV ((R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate), 
PHBH ((R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate), 
3HB4HB ((R)-3-hydroxybutyrate-co-4-hydroxybutyrate) and  
PHBP ((R)-3-hydroxybutyrate-co-3-hydroxypropionate) are copolymer consist of (R)-3HB 
and other constituents and are much more flexible and less crystallinity than PHB (Fig. 1-6, 
Table 1). Besides, the flexibility depends on the ratio of the constituents in the copolymer 
(Andreeßen et al., 2010; Andreeßen et al., 2014; Chen et al., 2000; Doi et al., 1995; Doi et al., 










Fig. 1-6. General structure of PHA copolymer 
n=1 
R=hydrogen  PHBP ((R)-3-hydroxybutyrate-co-3-hydroxypropionate) 
R=ethyl      PHBV ((R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate) 
R=propyl     PHBH ((R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate) 
n=2 
R=hydrogen  3HB4HB ((R)-3-hydroxybutyrate-co-4-hydroxybutyrate) 
 
     For example, since the late 1980s, PHBV had been commercially produced by ICI as a 
brand name of ‘Biopol’ (Millearn and Williams, 1987). However, due to the poor physical 
properties, still higher price compared to conventional petroleum-based plastics, production 
was discontinued. It is considered the fact that environmental issues like global climate 




















Fig. 1-6. General structure of PHA copolymer 
n=1 
R=hydrogen  PHBP ((R)-3-hydroxybutyrate-co-3-hydroxypropionate) 
R=ethyl      PHBV ((R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate) 
R=propyl     PHBH ((R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate) 
n=2 
R=hydrogen  3HB4HB ((R)-3-hydroxybutyrate-co-4-hydroxybutyrate) 
 
     For example, since the late 1980s, PHBV had been commercially produced by ICI as a 
brand name of ‘Biopol’ (Millearn and Williams, 1987). However, due to the poor physical 
properties, still higher price compared to conventional petroleum-based plastics, production 
was discontinued. It is considered the fact that environmental issues like global climate 


















 PP; polypropylene. PS; polystyrene. HDPE; high density polyethylene. 




PHB 177 97 4 43 5
poly(3HP) 77 64 -20 27 634
poly(3HV) 119 -16 -15 31 14
poly(4HB) 53 ND -45 104 1000
copolymer
3HH=5 mol% 151 69 0 - -
3HH=10 mol% 127 77 -1 21 400
3HH=15 mol% 115 54 0 23 760
3HH=17 mol% 120 34 -2 20 850
3HV=10 mol% 150 - - 25 20
3HV=20 mol% 135 - - 20 100
4HB=3 mol% - - - 28 45
4HB=10 mol% - - - 24 242
4HB=16 mol% - - - 26 444
4HB=18 mol% 150 - - - -
3HP=7 mol% 160 71 3 - -
3HP=11 mol% 152 36 1 - -
3HP=20 mol% 143 18 -1 - -
3HP=67 mol% 44 5 -10 - -
others
PLA 164 57 62 55 5
PP 174 148 -13 34 400
PS 110 ND 100 54 4
HDPE 130 293 -36 10 620
PET 262 - - 56 7300 Chen et al.2000


















1-3-4-1 Material property of PHBH 
PHBH (poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)) is a copolymer consists of 
(R)-3-hydroxybutyrate (3HB) and (R)-3-hydroxyhexanoate (3HH) as monomers (Fig. 1-1). 
The elongation to break increased from 5 to 850% as the 3HH fraction is increased from 0 to 
17 mol% in PHBH (Table 1-1) because 3HH unites are excluded from P(3HB) crystalline 
phase of PHBH to reduce the degree of crystsllinity (Doi et al., 1995). Therefore it is not hard 
and brittle but flexible polymer so that PHBH is one of the very promising alternatives to 
PHB. Hence, 3HH composition regulation technology is very important to apply PHBH for 
broader range of applications in packaging, agriculture, medical materials and so on. In 
particular, efficient production of PHBH having more than 10 mol% of 3HH makes it 
comparable with the conventional plastics such as polypropylene, and polyethylene (Table 
1-1, Fig. 1-7). 
 
Fig. 1-7. Modulus vs. Elongation of various polymers 



































1-3-4-2 PHBH production technology 
In 1993, Aeromonas caviae FA440 was isolated from soil by our group and found to produce 
PHBH from Olive Oil (Shimamura et al., 1993). However, according to our advance study 
with 2L fermenter, PHBH productivity in A. caviae was only 8.3 gPHBH/L. Even though 3HH 
composition was enough high, PHBH productivity was too low for an industrial production 
for cost (Fig. 8, Nihonseibutukougakukai 2011,unpublished data).  
 
Fig. 1-8. Result of PHBH production in 2L fermenter by A. caviae FA440 
Carbon source   :palm oil 
Culture vol.     :1800 ml 
Temp.          :30 
pH            : 6.7 
PHBH content  : 21.3 wt% (60h) 
3HH composition :13.1mol% (60h) 
                                              
    Some processes for producing PHBH using recombinant Cupriavidus necator (formerly 
Ralstonia eutropha) H16 have been reported (Fukui et al., 2002; Fukui and Doi, 1998; Loo et 
al., 2005; Mifune et al., 2008; Riedel et al., 2012; Tsuge et al., 2004; Tsuge et al., 2007; Wong 
et al., 2012) due to its high level productivity of PHB (Pohlmann et al., 2006; Peoples and 





























addition, I choose palm kernel oil (PKO) as a raw material since among the various plant oils 
such as soy-bean oil, rape-seed oil and so on, palm oil is the most efficiently produced and is 
cheap raw material. The availability of cheap and renewable carbon feedstock, preferably 
bio-based, for efficient conversion into PHA would make the PHA products prices 
competitive with their petroleum-based plastics. For this purpose, plant oils have been 
investigated and were found to be very attractive for Industrial-scale PHA production. Plant 
oils, because of their complex mix of triglycerides, yield higher PHA in comparison with 
other tested substrates such as sugars (Akiyama e al., 2003). However, industrial production 
of PHA by using recombinant C. necator from palm oil has not been successful until now. 
     In this study, I describe the development of a stable host-vector system by new 
methodology in chapter 2. Addition of antibiotics is the general selection method of the 
plasmid-carrying bacterial strains in order to maintain plasmid in cell, but so it also leads to 
the cost of wastewater treatment and cultivation process, is not suitable for industrial 
production. Therefore, plasmid vector that are held very stable in a non-selective environment 
was required. Technologies to regulate 3HH monomer composition are described in chapter 3 
and 4. A PHBH synthesis pathway in recombinant C. necator H16 from plant oils is shown in 
Fig. 1-9. As indicated in Fig. 1-9, it is necessary to control supply amount and balance of both 
monomer ((R)-3HB-CoA and (R)-3HH-CoA) in order to regulate 3HH composition. 
Acetyl-CoA is the starting material of the TCA cycle and supplied in large amount via a 
β-oxidation pathway, and (R)-3HB-CoA is synthesized by dimerization of acetyl-CoA which 
supplied in large quantities from a metabolic pathway of plant oils or fatty acids. On the other 
hand, (R)-3HH-CoA is only supplied from the intermediates of a β-oxidation pathway 
(reduction of 3-ketohexanoyl-CoA by (R)-specific reductase (PhaB) or hydration of 
2-hexenoyl-CoA by (R)-specific enoyl-CoA hydratase (PhaJ), respectively). Thus, it has been 
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very difficult to produce high amount of PHBH with more than 10 mol% of 3HH monomer 
fraction, so far. 
  
Fig. 1-9. PHBH synthesis pathway in recombinant Cupriavidus necator H16 from plant oils (or fatty acids). a; (R)-specific enoyl-CoA 
hydratase (encoded in phaJ). b, d; NADPH dependent (R)-specific reductase (encoded by phaB), c; acetoacetyl-CoA acetyltransferase 
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Cupriavidus necator H16 is a well-studied bacterium that produces high levels of PHB and 
PHBV but cannot produce PHB due to the lack of an affinity for (R)-3HH-CoA in PHA 
synthase (phaC1) on the chromosome (Peoples et al., 1989; Pohlman et al., 2006; Wong et al., 
2012). Therefore gene modification technology is essential. For controlling the copolymer 
ratio and improving productivity, gene transfer using pBBR (Budde et al., 2011; Tsuge et al., 
2007; Wong et al., 2012) and pJRD (Fukui and Doi, 1998; Tsuge et al., 2004) plasmid vectors 
derived from RF1010 have been performed in previous studies, but kanamycin has been used 
in culture in all studies. Moreover, the level of PHBH production by recombinant C. necator 
PHB-4 (phaC1 deactivated mutant of C. necator H16) with a pJRD type vector harboring the 
polyhydroxyalkanoate synthase gene derived from the Aeromonas caviae (phaCAc) (Fukui and 
Doi, 1997) was lower than that of the C. necator H16 strain (Mifune et al., 2010; Schegel et 
al., 1970). I found that the pJRD vector shows poor stability under high-PHA-producing 
conditions. Till date, owing to poor plasmid stability, gene transfer using a plasmid vector for 
the development of C. necator strains suitable for industrial PHBH production has been 
difficult. 
   To improve the retention rate of the plasmid vector, Budde et al. developed a technology 
for plasmid stability (Budde et al., 2011). In this technology, the essential 
pyrroline-5-carboxylate reductase gene proC was deleted from strain genomes and expressed 
from a plasmid, making the plasmid necessary for growth in minimal medium. In the present 
study, I aimed to develop a new plasmid vector that shows very high stability under none 
selective and the high-PHBH-producing conditions necessary for industrial production. 
    Cupriavidus metallidurans CH34 is of the same genus to C. necator H16 and carries two 
megaplasmids, pMOL28 and pMOL30 (Monchy et al., 2007). Further, the origin of 
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replication (oriV) and plasmid partition region (par) of pMOL28 has already been annotated 
(Taghavi et al., 1996).  
  I hypothesized that the stable plasmid vector containing the par and oriV regions of 
pMOL28 derived from C. metallidurans CH34 would show high stability if a replicon of 
pMOL28 were effective in C. necator H16 cells and showed no incompatibility with pHG1 
(Schwartz et al., 2001). 
 
2-2 Materials and Methods 
2-2-1 Strains and culture conditions 
The strains and plasmids used in this study are shown in Table 2-1. pUC19 was used for 
general genetic engineering. pMT5071 (Tsuda, 1998) was used for the homologous 
recombination of C. necator, and pCR-Blunt2 TOPO (Invitrogen) was used to create the 
pCUP plasmid vectors. Escherichia coli strain S17-1 (Simon et al., 1987) was transformed 
with pNS2X-phaC1A(dS) and incubated in a mixed culture with C. necator H16 on nutrient 
agar (DIFCO) for conjugal transfer. The E. coli S17-1 strain was cultivated in LB medium. 
     A 500-ml flask containing 50 ml MBM medium [1% (w/v) meat extract, 1% (w/v) 
Bacto-Tryptone, 0.2% (w/v) yeast extract, 0.9% (w/v) Na2HPO4.12H2O, and 0.15% (w/v) 
KH2PO4] was used to determine plasmid stability and for seed cultivation for fed-batch 
fermentation under low-PHA-accumulating conditions without nutrient limitation. A 500-ml 
flask with 50 ml MBN medium [0.385 w/v% Na2PO4.12H2O, 0.067 w/v% KH2PO4, 0.03 
w/v% (NH4)2SO4, 0.1 w/v% MgSO4.7H2O, 0.5 v/v% trace element solution [0.1N HCl in 1.6 
w/v% FeCl32H2O, 1 w/v% CaCl2.2H2O, 0.02 w/v% CoCl2.6H2O, 0.016 w/v% CuSO4.5H2O, 
0.012 w/v% NiCl2.6H2O] containing 2 v/v% of palm kernel oil as a carbon source was used to 
determine plasmid stability under high-PHA-accumulating conditions with nitrogen limitation. 
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A 10 L jar fermenter (B.E. Marubishi, Co., Ltd; MDL-1000 type) containing 6 L MB medium 
[0.385 w/v% Na2PO4.12H2O, 0.067 w/v% KH2PO4, 0.291 w/v% (NH4)2SO4, 0.1 w/v% 
MgSO4.7H2O, 0.5 v/v% trace element solution] was used for high-cell-density fed-batch 
fermentation. 












 S17-1 thi pro hsdR recA; [RP4-2 Tc::Mu Km::Tn7 (Tp Sm)] Simon et al.
1983
C. necator
 H16 Wild type strain ATCC17699
 H16/ds H16 derivative; ΔphaC1 This study
 CNPJ1 pJRD215 in H16 This study
 CNPJN pJRDEE32d13NSDG in H16/ds This study
 CNPC2 pCUP2 in H16 This study
 CNPC3 pCUP3 in H16 This study
 CNPCN pCUP3NSDG in H16/ds This study
plasmid
 pUC19 Cloning vector, APr Takara bio
 pMT5071 sacB gene delivered by B. subtilus, oriT delivered by RP4 Tsuda, 1998
 pCUP1 pCR-Blunt2-TOPO containing the 2.9 kbp parABS28 flagment This study
 pCUP2 pCR-Blunt2-TOPO containing the 1.4 kbp oriV28 fragment This study
 pCUP3 pCR-Blunt2-TOPO containing 4.1 kbp parABS28 and oriV28 fragments This study
 pCR-Blunt2-TOPO ColE1 origin (unable to replicate in C. necator H16) Invitrogen
 pCUP3NSDG pCUP3 containing phaCAcNSDG gene delivered by A. caviae This study
 pJRD215 origin of replication derived from RSF1010 Davidson
et al., 1987
 pJRDEE32d13 pJRD215 containing phaCAc gene delived from A. caviae
Fukui and
Doi, 1997
 pJRD215NSDG pJRD215 containing phaCAc NSDG gene delived from A. caviae This study
Table 2-1. Bacterial strains and plasmids used in chapter 2.
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2-2-2 DNA constructs 
Construction of the plasmid vector 
The plasmid vector, pCUP plasmid, was constructed from the cloning vector PCR-Blunt 
2-TOPO and included the origin of replication (oriV28) and the par region within the 
megaplasmid (pMOL28) retained by the C. metallidurans CH34 strain (Taghavi et al., 1996). 
A DNA region comprising the parABS28, oriV28, parABS28, and oriV28 regions was 
amplified using PrABSfw (ctgtacacgcctcaaaagga) and PrABSrev (atgaccttcccattcgtaaa), 
ProriVfw (gaccrgtttcccggccgcta) and ProriVrev (cttcagcgcaacgtacaccctag), and PrAllfw 
(ctgtacacgcctcaaaagga) and PrAllrev (ctttcagcgcaatgtacacc), respectively, as primer pairs and 
the total DNA of C. metallidurans CH34 as a template. The amplified fragments were then 
cloned in the PCR-Blunt 2-TOPO cloning vector to obtain pCUP1–3 (Fig. 2-1). 
 
 
Fig. 2-1. Construction and restriction maps of pCUP1, pCUP2, and pCUP3. 
The parABS and oriV/repA28 region are cloned at TOPO cloning site of pCR-Blunt TOPO 






















2-2-3 Electroporation of C. necator  
To obtain competent cells of C. necator, overnight cultures of the strain were grown in MBM 
medium. The next morning, 1-ml cultures were diluted in 50 ml of MBM medium and 
cultured at 30°C with shaking until an optical density of 0.5 at 600 nm was reached. The cells 
were then harvested, washed twice with 50 ml cold H2O, and concentrated in H2O to a final 
optical density of 25. Aliquots of 400 µl of competent cells and 1 µg of plasmid-vector 
dissolved in H2O per electrotransformation assay were used. Using the Bio-Rad Gene Pulser2 
(BIO-RAD) and 0.2-cm electrode gap cuvettes, results were obtained with the following 
settings: voltage, 1.5 kV; capacitance, 25 µF; external resistance, 800 Ω. After electroporation, 
the cells were mixed with 1 ml MBM medium and cultivated for 1 h at 30°C before plating. 
 
2-2-4 Construction of the plasmid vector for phaCAc NSDG synthase transfer 
An expression plasmid vector pJRD215NSDG containing a NSDG mutant of phaCAc (Tsuge 
et al., 2007) was constructed by PCR using pJRD215EE32d13 (Fukui and Doi, 1997) as a 
template. An expression plasmid vector pCUP3NSDG was constructed by inserting the 
EcoRI-digested fragment of pJRD215NSDG containing phaCAc NSDG with the A. cavaie 
FA440 phaPCJ operon promoter and terminator at the MunI restriction enzyme site of 
pCUP3. 
 
2-2-5 Construction of recombinant strains 
To knockout the chromosomal phaC1 gene in C. necator H16, plasmid vector 
pNSX2-sacB-phaC1AdS was constructed. 
 The HindIII and SacI restriction enzyme sites of the pUC19 plasmid vector were changed to 
NotI and SwaI sites to construct the pNS2X plasmid vector. pMT5071 was digested with 
 34 
BamHI to remove the chloramphenicol resistance gene. The kanamycin resistance gene was 
amplified using pJRD215 as a template and ligated with the BamHI site of pMT5071 to 
generate pMT5071-Km. 
 pMT5071-Km was digested with NotI to generate a 5.7-kbp fragment of the oriT-Km-sacB 
region and then ligated with the NotI restriction fragment of pNS2X to generate pNS2X-sacB. 
 To deactivate the phaC1 gene of C. necator H16, a phaC1A fragment was amplified using 
the C. necator H16 chromosome as a template and subcloned into the SwaI site of pNS2X to 
generate pNS2X-phaC1A. 
 pNS2X-phaC1A was digested with SacI to remove 570 bp of the phaC1 gene (from amino 
acid residues 260 to 450), including the active center of PhaC1 (Jendrossek, 2009; Jia et al., 
2001), and then self-ligated to produce pNSX2X-phaC1AdS. 
  The pNSX2X-phaC1AdS was then digested with SwaI to prepare mutant phaC1 genes. The 
prepared fragments were ligated with the SwaI restriction fragment of pNS2X-sacB to 
generate pNS2X-sacB-phaC1AdS. E. coli S17-1 was transformed with 
pNS2X-sacB-phaC1AdS and incubated in a mixed culture with C. necator H16 on nutrient 
agar for conjugal transfer. A strain grown on Simmons agar containing 250 mg/L kanamycin 
{2 g/L NaH2[C3H5O(COO)3], 5 g/L NaCl, 0.2 g/L MgSO4.7H2O, 1g/L (NH4)2HPO4, 1 g/L 
KH2PO4, 15 g/L agar, pH 6.8} was selected, and a strain in which the plasmid was 
incorporated into the chromosome of C. necator H16 was produced by homologous 
recombination (first stage). This strain was cultured in nutrient broth through two generations 
and then diluted and grown on nutrient agar containing 15% sucrose. Strains that were 
missing a region containing a selective marker (the sacB gene) were then selected 
(second-stage homologous recombination). 
PCR was used to isolate strains in which the phaC1 gene was replaced with the deactivated 
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phaC1 gene, and the DNA sequence was determined using a 310 Genetic Analyzer 
(Perkin-Elmer, Applied Biosystems).  
 The strain carrying the substituted gene was designated as C. necator H16/ds and 
transformed using pCUP3NSDG and pJR215NSDG to obtain CNPCN and CNPJN. 
 
2-2-6 Plasmid stability assay 
C. necator H16 strains transformed with pCUP2, pCUP3, and pJRD215 (Davidson et al., 
1987) were tested for plasmid stability. 1ml of the culture obtained by cultivating the 
transformants in MBM and MBN medium with kanamycin (50 mg/L) for 24 h was 
transferred to 50 ml kanamycin-free medium and incubated for 24 h, respectively. The culture 
was subcultured 3 times at 24 h intervals. The plasmid retention rate was measured every 24 h 
as follows. First, the culture fluid was diluted 108-fold with sterile water, and the dilution was 
then distributed in 10–100-µl portions onto plates (nutrient agar) without kanamycin; the 
colonies obtained (100 colonies selected at random) were further replicated onto selective 
plates (nutrient agar supplemented with kanamycin at 100 mg/L) and the colonies that grew 
were counted. Given that only bacteria retaining the plasmid can form colonies on these plates, 
the number of drug-resistant colonies was taken as an indicator of stability.  
 
2-2-7 Production and purification of PHA 
PHA was produced in a 10 L jar fermenter containing 6 L MB medium for 65 h. Palm kernel 
oil was used as the sole carbon source by intermittent addition (fed-batch fermentation). The 
operating conditions were as follows: culture temperature, 30°C; stirring rate, 400 rpm; 
aeration, 3.6 l/min; pH controlled to remain in the range 6.7–6.8. A 14% aqueous solution of 
ammonium hydroxide was used to control pH.  
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After culturing, the cells were recovered by centrifugation, washed with methanol, and 
lyophilized. The dry cells weight (DCW) was then determined. Then 100 ml of chloroform 
was added to approximately 1 g of the dry cells obtained, and the mixture was stirred to 
extract the PHA within the cells. After filtration, 300 ml of hexane was added and the mixture 
was left for 1 h. The precipitated PHAs were then filtered and dried. The weight of the dried 
PHA was determined and the PHA content was calculated. 
 
2-2-8 Analysis of 3HH composition 
The monomer composition of the PHA produced was analyzed by gas chromatography as 
follows. First, 2 ml of a mixture of sulfuric acid and methanol (15:85) and 2 ml chloroform 
were added to approximately 20 mg dried PHA. The mixture was heated at 100°C for 140 
min, generating a methyl ester. After cooling, small aliquots of 1.5 g sodium bicarbonate were 
added to neutralize the mixture. A total of 4 ml diisopropyl ether was added and the solution 
was mixed well and centrifuged. The monomer composition was analyzed by capillary gas 
chromatography using a GC-17A chromatograph (Shimadzu Corporation) and a NEUTRA 
BOND-1 capillary column (GL Sciences Inc). Helium was used as the carrier gas with a 
column inlet pressure of 100 kPa. Samples of 1 µl were injected. The temperature conditions 
were as follows: initial temperature, 100°C; temperature elevation from 100°C to 200°C at 








2-3-1 Plasmid stability of current plasmid vector (pJRD) in C. necator. 
C. necator H16 was transformed by pJRD215 to obtain CNPJ1. Then, stability of pJRD215 in 
the C. necator H16 strain was examined in low and high PHA-accumulating medium (MBM 
and MBN) conditions. The PHB content of 24 h cultured cells (just before subculture) was 
approximately 20 and 50 (wt/wt)% using MBM and MBN medium, respectively. The results 
are shown in Fig. 2-2. The pJRD215 retention rate after four subcultures in MBM medium 
was 83.5±1.5%, whereas only 30.5±2.5% in MBN medium. This finding suggests that 
plasmid stability of pJRD215 showed a strong connection with the PHB contents of cells. It is 
also suggested that with higher PHA contents in cells, the plasmid will not be distributed well 
to daughter cells during cell division. This is the first report describing a close relationship 
between plasmid stability and PHB content in C. necator H16.  
 
 
Fig. 2-2. Segregational stability of the pJRD215 in the C. necator H16. 
Open circle, MBN medium (high PHB accumulation medium) 



























2-3-2 Development a new stable plasmid vector (pCUP3) by utilizing an oriV and par 
genes from C. metallidurans CH34. 
Since the low stability of pJRD plasmid in C. necator under high PHB accumulation culture 
condition, it should be necessary to develop new stable plasmid vector for the industrial 
production of PHBH. pCUP1 to pCUP3 harboring OriV and part or all of par genes from 
pMOL28 derived from C. metallidurans CH34 were created (Fig. 2-1).  
   Then, to determine whether the pMOL28 replicon could work effectively in C. necator 
H16, C. necator H16 was transformed with pCUP1-3 (obtained CNPC2 and CNPC3 but no 
CNPC1) and pJRD215 as a control. All plasmid vectors had a kanamycin resistance gene 
expression cassette as a selection marker. The result is shown in Table 2-2. The 
transformation efficiency of pCUP3 (Fig. 2-3) was much higher than that of pCUP2 and 
pJRD215, but no transformant was obtained with pCUP1. These results indicate that the 
replication origin of pMOL28 works effectively in C. necator H16 and that the partition locus 





     Next, stability of pCUP2, pCUP3 in the C. necator H16 strain was examined under 
low and high PHA-accumulating medium (MBM and MBN) conditions. The results are 
Table 2-2. Transformation efficiency of pCUP and pJRD plasmid vector in C.necator H16.
103 cfu/µg plasmid
pCUP1 0
pCUP2 0.0020 ± 0.002
pCUP3 1.11 ± 0.08
pJRD215 0.0034 ± 0.0006
All values represent means of duplicate cultures,
with the uncertainties indicating the range of observed values.
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shown in Fig. 2-4. The pCUP3 retention rate after four subcultures was >98%, whereas that 
of pCUP2 was lower than the pCUP3 retention rate. Moreover, compared with use of MBM, 
use of MBN (high-PHB-accumulation nitrogen-limited minimal medium) resulted in 
markedly reduced pCUP2 plasmid retention rates for each subculture in the same way as a 
result of pJRD215. These results suggest that the pMOL28 par locus is highly effective for 
plasmid partition and maintenance in C. necator H16, especially under 
high-PHA-accumulation culture conditions, and that pCUP3 can withstand the intense 























Fig. 2-4. Segregational stability of the pCUP2, pCUP3 and pJRD215 in the C. necator H16 in 
(A) MBN medium and (B) MBM medium. 
Open squares, CNPC2; solid squares, CNPC3; solid triangles CNPJ1. 
 
     Moreover, the absence of colonies of cured pHG1 transformants were found (data not 
shown), suggesting that pHG1 is compatible with pMOL28. According to BLASTP analysis, 
RepA28, ParA28, ParB28, and ParB28 of pMOL28 showed 28%, 41%, 26%, and 26% 
identity with RepA, ParA, ParB1, ParB2 of pHG1, respectively, and under these degrees of 
identity incompatibility will not occur. Although C. necator and C. metallidurans are closely 
related species (Vandamme and Coenye, 2004), there is no incompatibility between pHG1 
and pCUP3. This is an important result for the prospects of stable plasmid vector fabrication 
in other hosts.  
 
2-3-3 Molecular breeding of high PHBH producing C. necator carrying pCUP3 
In order to access the PHBH productivity in C. necator carrying pCUP3 plasmid harboring 
PHBH synthase gene derived from C. caviae FA440 (phaCAcNSDG), phaC1 knocked out 





















































pJRD215NSDG to obtain CNPCN and CNPJN, respectively.  
Then, CNPCN, CNPJN, H16 and H16/ds were cultured in 10L jar fermenter for 65h and PHA 





    
   Fig. 2-5. Time course of PHA productivity by C. necator strains in fed-batch and    
         high cell density fermentation. Closed squares, CNPJN; open squares, CNPCN;  




CNPJN 111.0 ± 3.9 67.2 ± 1.7 60.8 ± 0.6 43.3 ± 2.2 96.9 ± 0.5 3.1 ± 0.5 25.5±2.0
CNPCN 164.7 ± 2.5 125.9 ± 1.3 76.4 ± 0.4 38.8 ± 1.3 97.6 ± 0.0 2.5 ± 0.1 98.5±0.5
H16/dS 33.1 ± 0.6 not detected 33.1 ± 0.6
H16 160.3 ± 1.1 118.4 ± 0.8 72.0 ± 0.9 44.9 ± 1.1 100 0




Cells were cultivated in MB medium. In culture, palm kernel oil was intermittently added.
Antibiotics, such as kanamycin, were not added at all levels of the culture.
































AS shown in Table 2-3 and Fig. 2-5, the H16/ds strain has been confirmed as a PHB negative 
mutant. When palm kernel oil (PKO) was used as the carbon source, PHBH productivity of 
CNPCN was approximately the same as that of H16 under nonselective conditions, but PHBH 
productivity of CNPJN was much lower than that of H16 and CNPCN. The PHBH content 
and plasmid retention rate of CNPCN and CNPJN after 65 h of cultivation were 76 .4 ± 0.4 
wt% and 98.5 ± 0.5% and 60.8 ± 0.6 wt% and 25 ± 2%, respectively (Table 2-3). Assuming 
that the culture of CNPCN, CNPJN retains pJRD215NSDG accumulated approximately 76 
wt% of PHBH and that the plasmid retention rate was approximately 48%, there is a disparity 
in the experimental results. In the present study, given that it was confirmed that the plasmid 
retention rate of high-PHA-accumulated cells becomes lower than low-PHA-accumulated 
cells, the plasmid retention rate may have been underestimated because loss of 
pJRD215NSDG occurred during formation of colonies on the agar plate without kanamycin. 
Alternatively, a high percentage of colonies may not have retained the pJRD215NSDG on the 
agar plate in the plasmid stability assay. The evidence for this speculation is that cells 
accumulating high amounts of PHA showed markedly reduced growth. However, this result 











Since our previous study, many PHBH production studies using C. necator H16 as a host 
have been performed. In addition, in recent years, integration into the chromosome is often 
used to enhance transgene stability (Budde et al., 2011; Mifune et al., 2010; Wong et al., 
2012). The results of the present study suggest that the use of an existing plasmid vector 
under conditions of industrial PHA production (high cell density and high PHA 
accumulation) is difficult owing to instability of the plasmid. Plasmids having very high 
stability in industrial PHA production conditions are required, and pCUP3, prepared in the 
present study, will be very useful for this purpose. In addition, owing to its convenience 
compared with gene integration into the chromosome, gene transfer using plasmids is very 
useful for molecular breeding of high-PHA-producing bacteria for industrial production. Due 
to its presence in possibly a single copy per cell (data not shown), pCUP3 will be very useful 
for predicting the effect of a gene integrated into the chromosome. We are also assaying genes 
capable of further increasing PHBH productivity and regulating the copolymer ratio using this 
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Regulation of 3HH monomer composition  
















As mentioned already in chapter 1, the flexibility of PHBH depends on the rate of the 
constituents. As the 3HH fraction increases from 0 to 17 mol%, the elongation at break 
increases from 5% to 850% (Doi et al., 1995). Hence, regulating the 3HH composition is 
essential for extending the applicability of PHBH. To increase the 3HH monomer fraction, 
researchers have constructed recombinant C. necator strains lacking the phaB genes (phaB1, 
B2, and B3). These mutant strains produce PHBH containing more than 10 mol% 3HH, but at 
low levels (Budde et al., 2011; Joen et al., 2014). Therefore, from an economic perspective, 
deletion of phaB is counterproductive for industrial-scale PHBH bioproduction. On the other 
hand, Tsuge et al. successfully modified the PHA synthase enzyme (PhaCAcNSDG) showed 
enhanced incorporation of longer 3-hydroxyalkanoate units such as (R)-3HH-CoA into the 
PHA (Tsuge et al., 2007). According to Kawashima et al., 2011, C. necator expressing 
PhaCAcNSDG and several (R)-specific enoyl-CoA hydratases accumulates PHBH containing 
10.5 mol% 3HH from soybean oil. (R)-specific enoyl-CoA hydratase enhances 3HH 
monomer fraction by converting 2-hexenoyl-CoA to (R)-3HH-CoA (Fig. 3-2; b); however, 
this enzyme requires 2-hexenoyl-CoA substrate. When plant oils are used as sole carbon 
source, 2-hexenoyl-CoA is produced only as an intermediate of the β-oxidation pathway. 
Therefore, I require an alternative strategy that increases and regulates the 3HH composition 
while maintaining productivity.  
    In this study, I engineered a PHBH-producing strain in which phaC1 is replaced by 
phaCAcNSDG, but the 3HH fraction of the PHBH yielded from palm kernel oil (PKO) as a 
sole carbon source remained below our goal. To overcome this problem, I supplied butyrate 
as a precursor of 3-ketohexanoyl-CoA. This strategy should increase the 3HH content because 
β-ketothiolase, encoded by the bktB on the chromosome of C. necator H16, is expected to 
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enhance the biosynthesis of 3-ketohexanoyl-CoA as a precursor of (R)-3HH-CoA from 
acetyl-CoA and butyryl-CoA (Fig. 3-1) (Slater et al., 1998). Furthermore, C. necator prefers 
butyrate, which is produced from renewable resources by anaerobic bacteria, compared to 
other volatile acids (Yang et al., 2010).  However, supplementing PKO with butyrate 
actually decreased the 3HH content in the above recombinant strain. Therefore, we 
deactivated the phaA gene, enabling BktB to effectively condense acetyl-CoA and 
butyryl-CoA to 3-ketohexanoyl-CoA, and thereby increase the 3HH content of PHBH yielded 
from PKO and butyrate as mixed carbon sources. The genotypes of C. necator constructed 




Fig. 3-1. Pathway for conversion of acetyl-CoA and butyryl-CoA to 
(R)-3-hydroxyhexanoyl-CoA. 


















Fig. 3-2. Artificial metabolic pathway for PHBH biosynthesis from PKO and butyrate in 
recombinant strain of Cupriavidus necator. 
Dotted lines show the pathway enhanced in this study. 
1; β-ketothiolase, 2; (R)-specific reductase, 3; PHA synthase, 4; hydroxyacyl-CoA 
dehydrogenase, 5; enoyl-CoA hydratase, 6; (R)-specific enoyl-CoA hydratase.  a, c, d; 
Intermediates of the β-oxidation pathway. b, (R)-3HH-CoA synthesized from 
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Fig. 3-3. Genotypes of Cupriavidus necator strains. 
phaC1 gene on chromosome of C. necator H16 is replaced by phaCAcNSDG gene (KNK005), 
and phaA gene on chromosome of KNK005 is substituted by an inactivated phaA gene (AS). 
 
 
3-2 Materials and Methods 
3-2-1 Strains and culture conditions 
Table 3-1 lists the strains, plasmids used in this study. pMT5071 (Tsuda, 1998) was used for 
the homologous recombination of C. necator. E. coli S17-1 (Simon et al., 1983) was 
transformed with pBlue-phaC1::N149S/D171G-Km-sacB or pBlue-phaAstop16-Km-sacB 
and incubated as a mixed culture with C. necator strain on nutrient agar (Difico) for conjugal 
transfer. E. coli S17-1 strain was cultivated in LB medium. bktB was introduced to the mutant 
C. necator H16 strains through the pCUP3 plasmid. The C. necator strains were cultured in 












3-2-2 Construction of KNK005 strain 
To construct the KNK005 strain, the phaC1 gene on the chromosome of C. necator H16 was 
replaced by phaCAc NSDG (A. caviae-derived PHBH synthase mutant gene (Schlegel et al., 
1970; Tsuge et al., 2007) as follows. The pBluescript II KS(-) (TOYOBO) was treated with 
PstI then blunted using a DNA blunting kit (Takara Bio) and ligated to generate a plasmid, 
pBlue-New, with a defective PstI site. The approximately 2.4-kbp of d13 fragment containing 
phaCAc was excised from pJRD215-EE32d13 (Fukui and Doi, 1997) by EcoRI and cloned 
into the EcoRI site of pBlue-New to obtain pBlue-d13. Then, the N149S and D171G 
fragments were amplified with E2-50-derived plasmid (Kichise et al., 2002) as a template. 
The two amplified fragments were mixed and joined by PCR then the resulting 1005-bp 
fragment containing a part of doubly mutated phaCAc (NSDG) was digested with PstI and 
XhoI then cloned into pBlue-d13 treated with the same enzymes in a fragment interchange 
process to obtain pBlue-N149S/D171G. The base sequence analysis was conducted in a 
Perkin Elmer Applied Biosystems DNA sequencer, 310 Genetic Analyzer. The gene was 





 S17-1 thi pro hsdR recA; [RP4-2 Tc::Mu Km::Tn7 (Tp Sm)] Simon et al.
1983
C.necator
 H16 Wild type strain ATCC17699
KNK005 H16 derivative; ΔphaCCn::phaCAcNSDG this study
AS KNK005,ΔphaA this study
KNK005BK pCUP3EEbktB in KNK005 this study
ASBK pCUP3EEbktB in AS this study
plasmid
 pMT5071 sacB gene delivered by B. subtilus, oriT delivered from RP4 Tsuda, 1998
 pCUP3 pCR-Blunt2-TOPO containing 4.1 kbp parABS28 and oriV28 fragment Chapter 2
 pCUP3EEbktB pCUP3 containing bktB gene delivered by C. necator H16 this study
Table 3-1. Bacterial strains and plasmids used in chapter 3.
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confirmed as a mutant gene encoding serine in place of asparagine at the 149th amino acid site 
and glycine in place of aspartic acid at the 171st site of PhaCAc. 
      Next, a DNA fragment containing a structural phaC1 gene was amplified with C. 
necator H16 chromosome as a template. The approximately 3.1-kbp obtained fragment was 
digested with BamHI and subcloned into the vector pBluescript II KS(-) (TOYOBO) to 
generate pBlue-phaC1. The approximately 1.9-kbp amplified fragment containing 
phaCAcNSDG mutant gene with pBlue-N149S/D171G as a template was digested with SbfⅠ 
and Csp45 and then ligated into the pBlue-phaC1 digested with the same enzymes to generate 
pBlue-phaC1::N149S/D171G. A plasmid pJRD215 (ATCC37533) was digested with XhoI 
and DraI to isolate a DNA fragment of approximately 1.3-kbp containing a kanamycin 
resistance gene and the fragment was blunted then inserted into pBlue-phaC1::N149S/D171G 
at the SalI site (pBlue-phaC1::N149S/D171G-Km). 
   Subsequently, plasmid pMT5071 was digested with NotI to isolate a DNA fragment of 
approximately 8-kbp containing the SacB gene. This fragment was inserted into 
pBlue-phaC1::N149S/D171G-Km at the NotI site to generate the plasmid for gene 
substitution (pBlue-phaC1::N149S/D171G-Km-sacB). E. coli S17-1 was transformed with the 
pBlue-phaC1::N149S/D171G-Km-sacB and incubated in a mixed culture with  C. necator 
H16. A conjugal transfer was performed as described in chpaterII. The strain containing the 
phaCAc NSDG gene in place of phaC1 was isolated by PCR, and their base sequences were 






3-2-3 Construction of AS strain 
The phaA gene on the KNK005 chromosome was substituted by an inactivated phaA gene, 
phaAstop16, to enhance a synthetic pathway of (R)-3HH-CoA from acetyl-CoA and 
butyryl-CoA. For the phaA deactivation, approximately 1.1-kbp of fragment containing the 
phaA gene was amplified with the KNK005 chromosome as a template then cloned into the 
BamHI site of pBluescriptII KS (TOYOBO) to obtain pBlue-phaA. The inactivated phaA 
gene was amplified by LA PCR in vitro Mutagenesis Kit (Takara Bio) with the primer 
phaastop; 5’-CGCGGTCGGCTAGCTTGGCGGCTC-3’ and pBlue-phaA as a template to 
generate Blue-phaAstop16. The underlined sequence in the primer indicates the codon to 
replace Lys16 with STOP codon. A DNA fragment containing approximately 1.2-kbp of the 
kanamycin resistance gene was amplified with plasmid pJRD215 as a template. The amplified 
fragment was digested by BamHI and ligated into pMT5071 digested with the same enzyme 
to obtain pMT-sac-Km. The pMT-sac-Km plasmid was digested with NotI to generate an 
approximately 5.7-kbp of fragment containing an oriT site, the kanamycin resistance gene and 
the sacB gene. This fragment was ligated into the NotI site of pBlue-phaAstop16 to obtain 
pBlue-phaAstop16-Km-sacB. The C. necator AS strain was produced from KNK005 as a 
host strain identically to the KNK005 (Fig. 3-3). 
 
3-2-4 Construction of plasmid vector for bktB transfer 
An expression plasmid vector (pCUP3EEbktB) was constructed by inserting the bktB gene, 
including the A. caviae phaPCJ operon promoter and terminating sequence (Fukui and Doi, 
1997), at the MunI restriction enzyme site of plasmid pCUP3. The approximately 1.2-kbp of 
bktB gene was amplified with C. necator H16 (wild) chromosome as a template then digested 
with BglII and AflII, and cloned into pJRD215-EE32d13 treated with the same enzymes in a 
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fragment interchange process to generate pJRD215-EEbktB. Plasmid pJRD215-EEbktB was 
digested with EcoRI to isolate an expression cassette of bktB. The expression cassette was 
ligated into pCUP3 treated with MunI to obtain pCUP3EEbktB. This plasmid was 
electroporated into KNK005 and AS strains to obtain strains KNK005BK and ASBK, 
respectively, as chapter 2. 
 
3-2-5 Enzyme assay 
C. necator cells were grown in 5 mL of MB medium containing 1% (w/v) PKO for 24 h. The 
cells were harvested and washed twice with 100 mM Tris-HCl in 1 mM EDTA buffer (pH 
7.5) and resuspended in 1 mL of the same buffer. The cells were disrupted by sonication and 
centrifuged. The supernatant was retained as crude enzyme extract. 
    β-ketothiolase activity was assayed in 500 µl of 100 mM Tris-HCl buffer (pH 8.0) 
containing 0.06 mM acetoacetyl-CoA, 0.1 mM CoA-SH, 20 mM MgCl2, and 10 µl crude 
enzyme extract. The decreased absorbance of acetoacetyl-CoA was measured at 303 nm at 
25 °C. One unit of β-ketothiolase activity was defined as the degradation of 1 µmol of 
acetoacetyl-CoA per minute. The protein concentration of crude enzyme extract was 
determined by the Bradford method, using bovine serum albumin as the standard. 
 
3-2-6 Production and purification of PHBH 
The purpose of this study was to enhance the (R)-3HH-CoA synthetic pathway by 
deactivation of the phaA gene and adding butyrate as a precursor (Fig. 3-1, 3-2). To confirm 
the primary reaction of this pathway, PHBH production was examined using butyrate as a 
co-substrate with PKO. 
     The polyester production culture was incubated in a 5-L jar fermentor (MDS-U50: B.E. 
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Marubishi Co., Ltd) containing 3 L MB medium. The carbon sources were PKO, 
butyrate/PKO (wt/wt) = 16.7/83.3 or butyrate/PKO = 23.1/76.9. In all cultures, the feeding 
rate was 7g/h from 0 h to 24 h and thereafter 12g/h. The operating conditions were as follows: 
Culture temperature at 30 °C, agitation at 420 rpm and aeration rate of 1.5 L/min, pH 
controlled between 6.7 and 6.8 (using a 14% aqueous solution of ammonium hydroxide). 
Cultures were grown for 65 h in a fed-batch process. After 65 h, the cells were harvested by 
centrifugation, washed with methanol, and then freeze-dried. The dry cell weight and PHBH 
content was determined as chapter 2. 
 
3-2-7 Analysis of 3HH composition 
The monomer composition of the produced PHBH was analyzed as chapter 2. 
 
3-3 Results 
3-3-1 Effect of replacing phaC1 by phaCAcNSDG 
To biosynthesize PHBH with a 3HH fraction exceeding 10 mol%, we replaced the phaC1 
gene on chromosome of C. necator H16 by phaCAcNSDG to obtain a recombinant strain 
KNK005. By high cell density fed-batch cultivation with PKO as sole carbon source, 
KNK005 produced PHBH at 134 gPHBH/L, but 3HH fraction was only 7.2 mol% (Table 3-2, 
Fig. 3-4). 
 
3-3-2 Effect of phaA deactivation on 3HH composition 
The 3HH fraction (7.2 mol%) of the PHBH produced by KNK005 was slightly below 
expectation. I hypothesized that supplying butyrate as a precursor of 3-ketohexanoyl-CoA 
would increase 3HH monomer fraction. BktB is known to catalyze the cleavage of 
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3-ketohexanoyl-CoA to acetyl-CoA and butyryl-CoA, so that we expected BktB would 
catalyze condensation reaction of acetyl-CoA and butyryl-CoA to form 3-ketohexanoyl-CoA 
as well as other β-ketothiolases such as PhaA (Kichise et al., 2002) (Fig. 3-1, 3-2). However, 
although KNK005 has a functional bktB gene, the 3HH fraction was decreased from 7.2 
mol% to 4.2 mol% when butyrate was supplemented with PKO in fed-batch culture (Table 
3-2, Fig. 3-4).  
    Next, we supposed that most of the acetyl-CoA molecules are not condensed with 
butyryl-CoA but with another acetyl-CoA into acetoacetyl-CoA by β-ketothiolase encoded by 
phaA. Presumably, the flux of the BktB-catalyzed condensation to form 3-ketohexanoyl-CoA 
from butyryl-CoA and acetyl-CoA was decreased due to the competitive reaction catalyzed by 
PhaA, which led to the reduction of 3HH fraction. 
Based on this supposition, we deactivated the phaA gene in KNK005 and confirmed 
that the β-ketothiolase activity toward acetoacetyl-CoA was approximately tenfold lower in 
the resulting AS mutant than in KNK005 (Fig. 3-5). The 3HH fraction of PHBH synthesized 
by the AS strain was 7.7 mol%, which was comparable to that of KNK005 (7.2 mol%) from 
PKO as a sole carbon source. Interestingly, the 3HH fraction increased to 8.2 mol% from 
butyrate and PKO (butyrate/PKO (wt/wt) = 16.7/83.3) in case of AS (Table 3-2, Fig. 3-4), 
whereas it decreased to 4.2 mol% with KNK005 under the same condition. PHBH production 
by AS from butyrate/PKO substrates was slightly reduced from 134 gPHBH/L to 121 gPHBH/L 
by phaA deactivation.  
 
3-3-3 Production of PHBH by the mutants of C. necator have additional bktB 
To confirm the hypothesis that BktB catalyzes 3-ketohexanoyl-CoA synthesis (Fig. 3-1, 3-2), 
additional copies of bktB were introduced to KNK005 and AS by using a plasmid vector, and 
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the resulting strains were designated as KNK005BK and ASBK, respectively. The 
β-ketothiolase activity toward acetoacetyl-CoA was approximately fourfold higher in the 
ASBK strain than in the AS strain (Fig. 3-5). In addition, ASBK synthesized PHBH 
containing 10.7 mol% of 3HH from butyrate/PKO substrates (wt/wt = 16.7/83.3), and its 
PHBH production recovered from 113gPHBH/L to 138 gPHBH/L by the introduction of bktB. In 
contrast, the PHBH synthesized by KNK005BK contained only 5.8 mol% of 3HH.  
Moreover, when the butyrate/PKO ratio was changed from 16.7/83.3 to 23.3/76.7 
(w/w), the 3HH fraction yielded by ASBK increased from 10.7 mol% to 13.0 mol%, without 
any decrease in the PHBH production (130 gPHBH/L) (Table 3-2, Fig. 3-4). These results 
suggested that the supplemented butyrate was converted to acetyl-CoA and later condensed 
into acetoacetyl-CoA, followed by reduction to (R)-3HB-CoA as a 3HB monomer in the 
strains harboring active phaA such as KNK005 and KNK005BK, which could account for the 
reduction of 3HH monomer fraction. On the other hand, butyryl-CoA derived from the 
supplemented butyrate would be effectively condensed with acetyl-CoA into 
3-ketohexanoyl-CoA by BktB in the phaA-deactivated strains such as AS and ASBK, leading 
to an increase in 3HH fraction. 
 
3HB 3HH
KNK005 0/100 171 134 78.1 37.4 92.8 7.2
AS 0/100 165 121 73.3 44.1 92.3 7.7
KNK005BK 0/100 170 132 77.7 40.8 92.6 7.5
ASBK 0/100 169 130 77.2 42.4 92.4 7.6
KNK005 16.7/83.3 171 130 76.2 40.7 94.2 4.2
AS 16.7/83.3 153 113 74.0 39.8 91.8 8.2
KNK005BK 16.7/83.3 173 133 76.7 40.3 94.2 5.8
ASBK 16.7/83.3 175 138 78.6 37.5 89.1 10.7
ASBK 23.1/76.9 170 130 76.5 40.0 87.0 13.0
Antibiotecs,such as kenamycin, were not added at all levels of the culture.
Cells were cultivated in MB medium with 5L jar-fermenter.















Fig. 3-4. Time course of PHBH productivity (solid squares) and 3HH composition (solid triangles) of recombinant Cupriavidus necator 
strains cultured under high cell density fed-batch fermentation conditions.  













































































































































Fig. 3-5. β-ketothiolase activity in strains KNK005, AS and ASBK.  
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3-4 Discussion 
In this chapter, I engineered recombinant strains of C. necator H16, which are able to 
synthesize high levels of PHBH from palm kernel oil (PKO) as a carbon source. Moreover, it 
was found that butyrate increases 3HH fraction in the only phaA deactivated mutant strains of 
KNK005 (AS) and BktB (the second β-ketothiolase with broad substrate specificity) plays an 
important role to synthesize a (R)-3-hydroxyhexanoyl-CoA monomer via a 
3-ketohexanoyl-CoA from acetyl-CoA and butyryl-CoA when butyrate was added to cultures 
as a co-substrate. 
     The C. necator H16 strain has at least 15 β-ketothiolase isoenzymes, of which the most 
important, PhaA, yields acetoacetyl-CoA from 2 molecules of acetyl-CoA. BktB also 
demonstrates acetoacetyl-CoA synthesis activity (Lindenkamp et al., 2010). Among these 
enzymes, only BktB is known to cleave both 3-ketohexanoyl-CoA and acetoacetyl-CoA 
(Slater et al., 1998). Therefore, I expected BktB would condense acetyl-CoA and butyryl-CoA 
to form 3-ketohexanoyl-CoA in vivo, which was confirmed by the actual increase in the 3HH 
fraction due to overexpression of bktB in this study. Importantly, these results demonstrated 
the regulation of the 3HH fraction of PHBH by controlling butyrate condensation into the 
culture media without significant impairment of the PHBH productivity, which was especially 
under the high-cell-density fermentation conditions used in this study. 
     The proposed 3HH composition regulation technology is potentially applicable to 
industrial-scale PHBH production, because the 3HH composition is easily controlled by 
butyrate concentration. Although (R)-3-hydroxyhexanoyl-CoA ((R)-3HH-CoA) can be 
supplied from 3-ketohexanoyl-CoA via two routes, namely, the reduction of 
3-ketohexanoyl-CoA to (R)-3HH-CoA by a (R)-specific reductase such as PhaB or the 
conversion of 3-ketohexanoyl-CoA to 2-hexenoyl-CoA via (S)-3-hydroxyhexanoyl-CoA 
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catalyzed by bifunctional hydroxyacyl-CoA dehydrogenase/enoyl-CoA hydratase (FadB), 
followed by hydration to (R)-3HH-CoA by an (R)-specific enoyl-CoA hydratase (PhaJ) (Fig. 
3-2) (Dellomonaco et al., 2011), the exact synthetic route of (R)-3HH-CoA in the engineered 
strains is still unclear. Further studies to elucidate the pathway, with an aim to reduce the 
requirement of the additional butyrate, are warranted.  
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Impact on the 3HH monomer composition by introduction of 
crotonyl-CoA reductase (ccrSc) and an additional copy of  


















I reported the technology for regulating 3HH monomer composition using butyrate as a 
co-substrate in genetically modified C. necator strains (AS derivatives) in chapter 3 and it 
was confirmed that enhancement of 3-ketohexanoyl-CoA provision is very effective to 
increase 3HH monomer fraction of PHBH. Besides, this result also indicates that increase 
intracellular concentration of butyryl-CoA is very important to synthesize 
3-ketohexanoyl-CoA from acetyl-CoA and butyryl-CoA by BktB (Slater et al., 1998). Thus, 
we designed a new metabolic pathway from crotonyl-CoA to (R)-3HH-CoA to enhance 
(R)-3HH-CoA provision without additional butyrate (Fig. 4-1). In this pathway, it is expected 
that a crotonyl-CoA that is directly provided from fatty acid via a β-oxidation pathway is 
re-reduced to butyryl-CoA by crotonyl-CoA reductase (CCR) of Streptmyces cinnamonensis 
(Liu and Reynolds, 1999) and then condense with acetyl-CoA to form 3-ketohexanoyl-CoA 
(Fig. 4-2). Fatty acids derived from palm oil is first converted to acyl-CoA (acyl-CoA1) and 
then converted to enoyl-CoA, (S)-3-hydxoxyacyl-CoA, 3-ketoacyl-CoA and afterwards 
acetyl-CoA and acyl-CoA (acyl-CoA2) has 2 carbon atoms less than the first acyl-CoA1. 
Then, acyl-CoA2 is metabolized with the same β-oxidation pathway above mentioned. When 
carbon chain length is reduced to four, butyryl-CoA is generated and then converted to 
crotonyl-CoA by FadB. This crotonyl-CoA may be converted to (S)-3-hydroxybutylyl-CoA 
by FadB and then acetoacetyl-CoA followed. Acetoacetyl-CoA is a precursor of 
(R)-3HB-CoA. Therefore, if crotonyl-CoA is successfully reduced to butyryl-CoA, not only 
(R)-3HB-CoA provision is decreased, but also (R)-3HH-CoA provision is increased. Because, 
butyryl-CoA produced from crotonyl-CoA by crotonyl-CoA reductase encoded in the ccrSc 
can be utilized as a substrate of BktB in 3-ketohexanoyl-CoA pathway as confirmed in the 
chapter 3. In this chapter, ccrSc was cloned and expressed in AS to enhance the provision of 
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butyryl-CoA.  
    However, despite the 3HH composition of PHBH yielded by AS that expressing CCR 
was just around 10 mol% and it was the goal of this study, the crystallinity in this area was 
very unstable (data not shown). Therefore, PHBH with higher than 11 mol% of 3HH 
monomer fraction is suitable; because a crystallinity of PHBH with higher than 11 mol% of 
3HH monomer fraction is more than enough less and much more stable than that with 10 
mol% of 3HH, from the point of view of stable industrial production. Since the mechanical 
and material properties of PHBH are highly influenced by a crystallinity (Shimamura et al., 
1993). Therefore, an increase of 3HH monomer fraction was needed to overcome this 
problem. In this study, we discovered that PHA synthase activity is very important for the 
ratio of constituents of PHBH because AS strain which expressing CCR with higher PHA 
synthase activity than original AS strain (by introduction of an additional copy of 
phaCAcNSDG) was capable of accumulating the PHBH with 12.2±0.3 mol% of 3HH fraction 
from palm kernel oil as a sole carbon source. 
 
 
Fig. 4-1. Pathway for biosynthesis of (R)-3-hydroxyhexanoyl-CoA from crotonyl-CoA . 
       a; Crotonyl-CoA reductase (CCRSc), b; β-ketothiolase (BktB), 
       c; (R)-specific reductase (PhaB). 
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Fig. 4-2. Artificial metabolic pathway for PHBH biosynthesis from PKO in CNCR. 
Dotted lines show the pathway enhanced in this study. 
1; β-ketothiolase, 2; (R)-specific reductase, 3; PHA synthase, 4; crotonyl-CoA reductase.   
b; (R)-3HH-CoA synthesized from 2-hexenoyl-CoA (an intermediate of the β-oxidation 
pathway) by (R)-specific enoyl-CoA hydratase. 
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4-2 Materials and Methods 
4-2-1 Plasmids and strains 
The strains and plasmids used in chapter 4 are shown in Table 4-1. pCUP3 (chapter 2) was 
used to introduce ccrSc and phaCAcNSDG to the mutant C. necator H16 strains. High cell 
density fed-batch fermentation with mutant strains of C. necator strains were conducted in a 5 
L jar fermenter (B.E. Marubishi, Co., Ltd) containing 3 L MB medium. All cultures were 




4-2-2 Construction of plasmid vector for ccrSc transfer 
An expression plasmid vector (pCUP3EEccrSc) was constructed by inserting the ccrSc gene 
containing the A. caviae phaPCJ operon promoter and terminating sequence (Fukui and Doi, 
1997) at the MunI restriction enzyme site of plasmid pCUP3. 
The ccrSc gene was amplified using S. cinnamonensis chromosome as a template, digested 
with BglII and AflI, then cloned into pJRD215-EE32d13 (Fukui and Doi, 1997) treated with 
the same enzymes in a fragment interchange process (to give pJRD215-EEccrSc). The plasmid 





 H16 Wild type strain ATCC17699
KNK005 H16 derivative; ΔphaCCn::phaCAcNSDG Chapter 3
KNK005CN pCUP3EEccr::NSDG in KNK005 This study
AS KNK005,ΔphaA Chapter 3
ASCR pCUP3EEccr in AS This study
ASCRN pCUP3EEccr::NSDG in AS This study
plasmid
 pCUP3 pCR-Blunt2-TOPO containing 4.1 kbp parABS28 and oriV28 fragments Chapter 2
 pCUP3EEccr pCUP3 containing ccr gene delivered by S. cinnamonencis This study
 pCUP3EEccr::NSDG pCUP3 containing phaCAcNSDG gene delivered by KNK005,
ccr  gene delivered by S. cinnamonencis
This study
Table4-1. Bacterial strains and plasmids used in chapter 4.
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pJRD215-EEccrSc was digested with EcoRI to isolate a DNA fragment containing ccrSc. The 
isolated fragment was ligated into pCUP3 treated with MunI to obtain pCUP3EEccr. 
This plasmid was electroporated into AS strains to obtain strains ASCR as previously 
reported (chapter 2). 
 
4-2-3 Construction of plasmid vector for phaCAcNSDG transfer 
An expression plasmid vector (pCUP3ccr::NSDG) was constructed by inserting the 
phaCAcNSDG gene (Tsuge et al., 2007) with the C. necator H16 phaC1AB operon promoter 
and terminating sequence at the SpeI restriction enzyme site of plasmid pCUP3EEccr::NSDG. 
The phaCAcNSDG gene was amplified with its promoter region using KNK005 chromosome 
as a template and sub-cloned into pUC19 to generate pUC19NSDG. Then, pUC19NSDG was 
digested with SpeI and cloned into pCUP3EEccr treated with the same enzymes to obtain 
pCUP3EEccr::NSDG. AS and KNK005 strains were transformed by pCUP3EEccr::NSDG to 
obtain ASCRN and KNK005CN, respectively, as previously reported (chapter 2). 
 
4-2-4 Enzyme assay 
C. necator cells were grown in 5 mL of MB medium containing 1% (w/v) PKO at 30 °C for 
24 h. The cells were harvested and washed two times by 100 mM Tris-HCl in 1 mM EDTA 
buffer (pH 7.5) and resuspended in 1 mL of the same buffer. The cells were disrupted by 
sonication and centrifuged to prepare soluble protein fraction. The supernatant was retained as 
crude enzyme extract. Crotonyl-CoA reductase (CCR) activity was assayed in 1ml of 100 mM 
Tris-HCl buffer (pH 7.5) containing 0.1mM crotonyl-CoA, 0.1 mM NADPH, and 20µl crude 
enzyme extract. The decreased absorbance at 340 nm was measured at 25 °C. One unit of 
crononyl-CoA activity was defined as the degradation of 1 µmol of NADPH per minute.  
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    PHA synthase (PHAS) activity was assayed by using crude enzyme extract prepared 
above. A reaction mixture (360µl) contained 1.0 mM DL-3HB-CoA and 143 mM KPi (pH 
7.0). The assay mixture was preincubated for 10 min at 25 after which time the reaction 
was started by the addition of enzyme. Aliquots (40µl) were removed at timed intervals and 
stopped by the addition of 100 µl of 5% trichloroacetic acid. The precipitated protein was 
pelleted by centrifugation, and 125µl of the supernatant was added to 675 µl of 500 mM KPi 
(pH 7.5). DTNB [10 µl of a 10 mM stock solution in 500 mM KPi (pH 7.5)] was added to this 
mixture and incubated for 2 min at room temperature. The absorbance at 410 nm (c = 13.7 
mM-l cm-1) was measured.  
 Protein concentration of crude enzyme extract was determined by the Bradford method, 
using bovine serum albumin as the standard. 
 
4-2-5 Production and purification of PHBH 
The purpose of this study was to enhance the (R)-3HH-CoA synthetic pathway by 
introduction the ccrSc gene (Fig.4-1, 4-2) and improve the efficiency of incorporation of 
(R)-3HH-CoA by increase PHA synthase activity. To confirm these reactions created in 
ASCR and ASCRCN strains, PHBH production was examined using PKO as a sole carbon 
source. The polyester production culture was incubated in a 5 L jar fermentor containing 3 L 
MB medium. The culture conditions were the same as chapter 3. After 65 h, the cells were 
harvested by centrifugation, washed with methanol, and then freeze-dried. The dry cell weight 





4-2-6 Analysis of 3HH composition 





4-3-1 Enzyme assay 
The crotonyl-CoA reductase (CCR) activities of KNK005, AS, and ASCR strain were 




As described in Table 4-2, KNK005 and AS have small activity of crotonyl-CoA reductase, 
originally, but these activities were increased to four times in ASCR by introduction of ccrSc 
by plasmid vector. Although, the CCR activity reported by Fukui et al. (Fukui et al., 2002) is 
much higher than ASCR, growth of the strain has higher CCR activity was repressed if plant 
oils or fatty acids were used as a carbon source (data not shown). 
 
 
Strain plasmid C source inducer(%)(L-arabinose)
CCR
(U/g protein) Reference
KNK005 none PKO none 3.5 Chapter 3
AS none PKO none 3.7 Chapter 3
ASCR pCUP3EEccr PKO none 15.8 This study
PHB-4 none Frc(0.5%) none 1
PHB-4 pJBccrEE32d1 Frc(0.5%) none 3.5
PHB-4 pJBccrEE32d1 Frc(0.5%) 0.01 70
PHB-4 pJBccrEE32d1 Frc(0.5%) 0.1 135
Table 4-2. CCR activity in recombinant C. necator strains.
The culture were grown in 500ml-flask with 50ml MBN medium containing 2v/v% of




4-3-2 PHBH biosynthesis in ASCR strain 
The ASCR strain was capable of synthesizing PHBH with 9.9±0.1 mol% of 3HH monomer 
fraction without any negative effect in PHBH production. PHBH productivity was almost the 
same as KNK005 (Table 4-3). This result indicates that CCR works very effective in AS 
strain.   
   However, 3HH fraction should have been increased to more than 11 mol% due to the 
reason above mentioned. There was a possibility to increase CCR activity in AS, but higher 
CCR activity might cause negative effect in cell growth. Therefore, an increase of PHBH 
synthase activity was tested because I expected that rate-limiting step of PHBH production 
was PHA synthase activity (a number of polymerization start point and/or an activity of each 
synthase) and higher PHA activity should increase 3HH monomer fraction and productivity of 
PHBH. This supposition is supported by a following theoretical model. Number of 
acetyl-CoA generated via a β-oxidation pathway to generate one molecule of hexanoyl-CoA 
from one molecule of PKO (except glycerol) can be calculated as approximately 3.5 (Table 
4-4) (Macaire et al., 2010). When all of acetyl-CoA assume to be converted to (R)-3HB-CoA 
via an acetoacetyl-CoA and all of hexanoy-CoA assume to be converted to (R)-3HH-CoA, 
1.75 molecules of (R)-3HB-CoA and 1 molecule of (R)-3HH-CoA will be synthesized from 
one molecule of PKO. Therefore, 3HH composition might be 36.4 mol% when all of these 
monomers are incorporated into a PHBH by PHA synthase. Furthermore, since a part of 
acetyl-CoA flows into citric acid cycle to obtain energy and is anabolized to synthesize cell 
bodies, 3HH composition should be higher than that value (9.90.1 mol%). In view of this 
theory, more than three quarters of hexanoyl-CoA are not incorporated into a PHBH.  







4-3-3 PHBH production by ASCRN strain. 
The new strain ASCRN was constructed by transformation of AS by pCUP3EEccr::NSDG 
that expression vector is harboring ccrSc and phaCAcNSDG genes. The PHBH synthase 




KNK005 none 173.6 ± 2.2 133.7 ± 3.6 77.0 ± 1.1 92.6 ± 0.3 7.5± 0.3
ASCR pCUP3EEccr 171.0± 2.1 131.7 ± 1.3 77.1 ± 1.7 90.2 ± 0.1 9.9 ± 0.1
Cells were cultivated in MBN medium. In culture, PKO was intermittently added.
Antibiotics, such as kanamycin, were not added at all levels of the culture.
All values represent means of duplicate cultures, with the uncertainties indicating the range of observed
values.












Caprilic acid C8:0 5.2 1 5.2 5.2
Capric acid C10:0 4.7 2 9.4 4.7
Lauric acid C12:0 54.1 3 162.3 54.1
Myristic acid C14:0 15.5 4 62 15.5
Palmitic acid C16:0 6.4 5 32 6.4
Stearic acid C18:0 2.3 6 13.8 2.3
Oleic acid C18:1 9.5 6 57 9.5
Linoleic acid C18:2 1.8 6 10.8 1.8
Total 352.5 99.5
Fatty acid
Table 4-4. Fatty acid composition of palm kernel oil and comparison of acetyl-CoA and
hexanoyl-CoA content generated via a β-oxidation pathway.
*1: Number of acety-CoA (consists of 2 atoms of carbon) generated from each fatty acid to
generate one molecule of hexanoyl-CoA (consists of 6 atoms of carbon).
*2,*3; The total values indicate that 3.53 molecules of acetyl-CoA and 1.0 molecules of
hexanoyl-CoA are yielded from one molecule of palm kernel oil.
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   ASCRN produced PHBH with 12.2±0.3 mol% 3HH monomer fraction (Table 4-5). 
Besides, 3HH fraction in KNK005CN (KNK005 carrying pCUP3EEccr::NSDG) was also 
slightly increased to 8.1±0.2mol% from 7.5±0.3mol%. Interestingly, these results indicate that 
3HH composition is influenced by 3HH monomer provision and polymerization catalyst 
(PHA synthase) activity in cell. Consequently, PHBH containing more than 11 mol% 3HH 
































KNK005 none 173.6 ± 2.2 133.7 ± 3.6 77.0 ± 1.1 92.6 ± 0.3 7.5± 0.3
KNK005CN pCUPEEccr::NSDG 181.5±1.4 148.0±1.5 81.6±0.2 92.0±0.2 8.1±0.2
ASCR pCUP3EEccr 171.0± 2.1 131.7 ± 1.3 77.1 ± 1.7 90.2 ± 0.1 9.9 ± 0.1
ASCRN pCUPEEccr::NSDG 173.0±2.9 135.1±5.2 78.1±1.7 87.8±0.3 12.2±0.3
Cells were cultivated in MBN medium. In culture, PKO was intermittently added.
Antibiotics, such as kanamycin, were not added at all levels of the culture.
All values represent means of duplicate cultures, with the uncertainties indicating the range of observed
values.








by genetically modified C. necator H16 strains (ASCRN). This is an important step for 
industrial production of PHBH, because the fermentation process developed in this study 
doesn’t require any expensive additives like antibiotics, monomer precursors like hexanoate, 
butyrate or gamma-butyrolactone (for PHBV) and moreover, PHBH productivity is much 
higher than any data previously reported.  
 
4-4 Discussion 
The present study was aimed at an efficient production of PHBH with more than 10 mol% 
(especially more than 11 mol%) of 3HH monomer fraction since it shows low crystallinity 
and soft and flexible physical properties. I successfully engineered recombinant strain of C. 
necator H16, which was able to synthesize high levels of PHBH with more than 11 mol% of 
3HH monomer fraction from PKO as a sole carbon source. This study demonstrated that the 
recombinant strain of C. necator AS (phaA deactivated mutant) equipped with ccrSc and 
phaCAcNSDG was capable of accumulating PHBH with 12.2 mol% of 3HH fraction up to 
135.15.2 gPHBH/L of productivity (Table 4-5). The results indicate that the newly designed 
pathway was functional for enhancement of (R)-3HH-CoA provision and its efficient 
polymerization.   
     In this engineered pathway, crotonyl-CoA reductase (CCR) of Streptmyces 
cinnamonensis plays an important role in the first step, since crotonyl-CoA generated as an 
intermediate through β-oxidation pathway from PKO is reduced to butyryl-CoA by CCR and 
subsequently condensed with acetyl-CoA into 3-ketohexanoyl-CoA by BktB. This 
3-ketohexanoyl-CoA is then converted by (R)-3HH-CoA through two potential routes 
(chapter 3). Next, (R)-3HH-CoA is polymerized with (R)-3HB-CoA to PHBH by PHA 
synthase (PhaCAcNSDG).    
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    Interestingly, it was found that the PHBH productivity was not influenced by an activity 
of PHA synthase, but the ratio of the constituents was influenced by it (Fig. 4-3, Table 4-5). 
The data presented in this report would represent that a rate-limiting step of PHBH production 
in this study is monomer provision. Further, a number of polymerization starting point (a 
number of PHA synthase, in this case) and substrate specificity of the polymerization enzyme 
(PHA synthase) are closely related to the ratio of the constituents in PHBH. That is, in the 
case of this study, not all (R)-3HH-CoA are incorporated into a PHBH, (R)-3HH-CoA which 
has not been polymerized is metabolized. 
    However, analysis of an intracellular concentration of (R)-3HH-CoA in order to calculate 
the incorporation efficiency of (R)-3HH-CoA is still difficult due to its enantiomer 
((S)-3HH-CoA). Thus, the determination mechanism of 3HH composition by further studies 
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5-1 General discussion 
Polyhydroxyalkanoates (PHAs) produced from renewable materials are very promising 
materials for several applications due to its biodegradablility, thermoplastic like material 
properties and biocompatibility. In this doctoral thesis, I reported about “Molecular breeding 
of Cupriavidus necator for industrial production of biodegradable biopolymer 
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)”.  
The pre-industrial scale production has been started in 2010 and the market of bioplastics is 
expanding every year as I explained in chapter 1. However, PHBH production process 
consists of fermentation, purification, and processing processes followed by strain breeding 
(Fig. 5-1). In fermentation process, an aeration/agitation parameters and culture medium 
should be optimized to obtain highest yield of PHBH and 3HH monomer fraction must be 
stably controlled in each fermentation batch. A feeding strategy of substrate is very important 
as well.  
      In purification process, PHBH granule accumulated inside the bacterial cell should be 
recovered and purified from the cell, especially to remove a color and smell from recovered 
PHA granules (these factors are the very important to be used as a plastic) (Fig. 5-2). Many 
methodologies have been developed so far (Madkour et al., 2013; Gumel et al., 2013 60, 61). 
Since PHA are intracellular products, the purification processes may be tedious and may 
contribute considerably to the total production costs. PHA recovery not only requires the 
release of the polyester from the cells by various means but also includes purification steps of 
the released PHA. Depending on the structure and material property of the PHA to be isolated 
from microbial cells, on the industrial production scale, and on the used production strain, 
different recovery techniques should be selected.  
    Most processes developed to recover PHA from microbial cells (C. necator, as well) are 
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based on extraction with organic solvents, including halogenated hydrocarbon solvents such 
as chloroform, dichloromethane or acetone (Yang et al., 2011 62). A major drawback of these 
methods is the requirement of large quantities of these solvents, which in turn requires solvent 
recovery/recycling processes. Besides, purifying PHA by utilizing the harmful substances 
from the petroleum oil feels question. Several alternative methods using non-solvent based 
substances were developed, including differential digestion with sodium hypochlorite, 
thermal treatment of biomass followed by enzymatic digestion, and chemical disruption by 
SDS and NaOH (Choi and Lee, 1999; Thankor et al., 2005 63,64). I think that the detergent 
method (non-solvent method) of PHA recovery process is a goal to be aim. A previous study 
suggested that a detergent based method has drawbacks, including low purity of the extracted 
polymer and high cost of detergents. In addition, this study suggested that the detergent based 
method requires large amounts of detergent per gram of PHA to recover polymer and large 
quantities of water to wash out cell debris and, of course also treatment cost of the wastewater 
(Jiang et al., 2006 65).  
   Finally, after a purification step, a dried PHA powder or pellet is processed to produce 
final product; for example, sheet, film, or bottle. Generally, in processing process, 
compounding of plastic with other compounds such as plasticizers, nucleating agents, or 
modifiers to improve processing performance or material and/or mechanical properties of 
final product is performed. Thus, compounding and mixing technologies of PHA with other 
compound above described are very important to process PHA by blow molding, injection 
molding and calendar molding, for examples. 
     Hence, as a conclusion, not only molecular breeding of strain for fermentation 





Fig. 5-1. A flow of PHBH industrialization process from strain breeding to final application. 
 
The industrial production of petroleum-based plastics by petrochemical through the 
technological development of nearly 50 years has been successfully accomplished, and the 
production process can be built at low cost. Bioplastics industry also should follow the same 
path and should provide bioplastics with the physical properties according to the purposes and 
of the low cost, and moreover, it should be a course “environment friendly”. 
 
 
Fig. 5-2. TEM of PHBH-accumulated cell of engineered Cupriavidus nacator strain. The 
white colored granules accumulated inside the cells are PHBH. 
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1. It was found that the plasmid partition and replication region of the megaplasmid 
pMOL28 in the Cupriavidus metallidurans CH34 strain plays an important role in 
plasmid stability of pCUP3 in C. necator H16.  
 
2. The stable plasmid vector of pCUP3 was successfully constructed and higher than 90% of 
pCUP3 harboring phaCAc was maintained in recombinant strain of C. necator after the 
high cell density fermentation. 
 
3. The recombinant C. necator expressing PhaCAcNSDG (KNK005) was capable of 
producing high amount of PHBH (134 gPHBH/L) with 7.2 mol% of 3HH monomer 
composition. 
 
4. By using butyrate as a co-substrate, phaA deactivated C. necator strain of KNK005 (AS) 
was capable of producing PHBH with 8.2 mol% of 3HH monomer composition. 
 
5. The β-ketothiolase (encoded by bktB) was proved to be responsible for biosynthesis of 
3-ketohexanoyl-CoA from butyryl-CoA and acetyl-CoA. 
 
6. The recombinant C. necator of AS carrying two copies of bktB (on the chromosome and 
the pCUP3 plasmid vector) was capable of producing PHBH with 10.7 to 13.0 mol% of 
3HH monomer fraction from palm kernel oil and butyrate. 
 
7. The crotonyl-CoA reductase (ccrSc) of S. cinnamonensis and phaCAcNSDG of A. caviae 
were heterologous expressed in AS and the strain (ASCRN) was capable of producing 
high amount of PHBH (135 gPHBH/L) with 12.2 mol% of 3HH monomer composition 
from palm kernel oil as a sole carbon source.  
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